1. Introduction {#sec1-ijms-21-03496}
===============

Diabetes mellitus is a chronic metabolic disease characterised by sustained hyperglycemia that leads to macro and microvascular complications \[[@B1-ijms-21-03496]\]. Diabetes is the leading cause of blindness among adults aged between 20 and 79 years old. Recent surveys have predicted that by 2030, the number of patients with diabetes mellitus will increase to 440 million worldwide (prevalence 7.7%) \[[@B1-ijms-21-03496]\]. Globally, diabetes will lead to increasing incidence of two major types of late complications: macrovascular and microvascular, which cause greater morbidity and premature death. Cerebrovascular, cardiovascular and peripheral vascular diseases are examples of macrovascular disorders in which large vessels are affected. In contrast, microvascular complications affect small vessels and include nephropathy, neuropathy, and retinopathy. Retinopathy is one of the most common ischaemic disorders of the retina and the main cause of blindness in the working-age population. It is responsible for 12,000--24,000 new cases of blindness each year worldwide \[[@B2-ijms-21-03496],[@B3-ijms-21-03496],[@B4-ijms-21-03496]\].

Diabetic retinopathy (DR) manifests as a broad spectrum, particularly at the level of the retinal vasculature, and is responsible for 4.8% of the 37 million cases of blindness in the world according to the World Health Organization (WHO). The main risk factors for DR are high blood pressure, hyperglycemia, and the duration of diabetes. Studies have found consensus that there is a pathogenic link between hyperglycemia and the onset and progression of DR, while tight control of blood glucose can delay DR onset and progression. Some of the DR risk factors are gender, age at onset of the disease, ethnicity, cataract extraction, and hyperlipidemia \[[@B2-ijms-21-03496]\]. The duration of diabetes is another main risk factor for DR. Although type 1 and type 2 diabetes have some different phenotypic variations, the prevalence of diabetic retinopathy in both populations after 10 years is approximately 75% which increases to 90--95% after 20 years. Despite the increasing number of diabetic patients during the last decade, most of therapeutic applications only result in reducing the pathogenic process and not affecting the underlying cause of the DR. Therefore, there is an urgent need to investigate novel approaches to address the problem. In this review, we first explain the pathogenesis of DR and current therapeutic approaches, and then will discuss novel cell base and tissue engineering approaches. Tissue engineering strategies have three basic components: first, the cell source which must express the appropriate genes and maintain the appropriate phenotype in order to preserve the specific function of the tissue \[[@B5-ijms-21-03496]\]. Second, the bio-reactive agents or signals that induce cells to function. third, the scaffolds that house the cells and act as a substitute for the damaged tissue \[[@B6-ijms-21-03496]\]. The source may be either embryonic stem cells (ESC) or adult stem cells (ASC), the scaffolds may be categorised as synthetic, biological, or composite, and the signals may include growth factors/cytokines, adhesion factors, and bioreactors \[[@B5-ijms-21-03496]\].

1.1. Vascular Insufficiency and Inner Retinal Ischemia in Diabetic Retinopathy {#sec1dot1-ijms-21-03496}
------------------------------------------------------------------------------

Ischemia is characterised by the restriction of blood supply to tissue and organs, causing a shortage of oxygen and glucose which is needed for cellular metabolism and removal of metabolites \[[@B3-ijms-21-03496]\]. Ischemia-related pathologies are central to many diseases and pose a challenge for healthcare systems worldwide. Angina, myocardial infarction, stroke, and ischaemic retinopathies are some of the most common ischemia-related diseases which represent a major cause of morbidity and mortality worldwide \[[@B6-ijms-21-03496]\].

Vaso-degenerative retinopathies, such as DR, can result in variable degrees of retinal vascular insufficiency and a profound loss of vision. Beyond the significant risk of depriving delicate neural networks of oxygen and nutrients, hypoxia also increases growth factor and cytokine expression. This can result in vascular leakage in the surviving vasculature and/or pre-retinal and papillary neovascularization. If these complications are left untreated, the responses to vascular stasis, ischemia or hypoxia can result in fibro-vascular scar formation or retinal edema and blindness \[[@B3-ijms-21-03496],[@B7-ijms-21-03496]\].

1.2. Clinical Signs and Diagnosis {#sec1dot2-ijms-21-03496}
---------------------------------

Many diabetic patients may not experience any noticeable symptoms in the early stage of the disease. However, early detection of DR can help to prevent severe loss of vision and blindness. Different clinical signs of retinopathy include dot and blot retinal hemorrhage, the formation of microaneurysms, cotton wool spots, hard exudates, venous abnormalities, and growth of new blood vessels. There are also anatomical changes during DR that have been well-documented and include the formation of acellular capillaries, early thickening of the basement membrane, formation of microaneurysms, loss of pericytes and endothelial cells, and retinal neovascularization \[[@B8-ijms-21-03496]\]. DR diagnosis involves visual acuity testing, fundus examination (direct and indirect ophthalmoscopy) and retinal photography. Optical coherence tomography (OCT) is widely used to examine the major layers of the retina and the various reflectance of visible light \[[@B9-ijms-21-03496],[@B10-ijms-21-03496]\]. By using this technique, it is possible to localize retinal lesions in relation to different retinal layers and to quantify the retinal thickness. Furthermore, OCT is also used to measure retinal blood flow and diagnose retinal edema \[[@B4-ijms-21-03496]\].

1.3. Classification and Treatments {#sec1dot3-ijms-21-03496}
----------------------------------

DR can be classified by the clinical presentation either as non-proliferative DR (NPDR) or as proliferative DR (PDR). The first change observed in DR patients is a reduction in the retinal blood flow, which is followed by a loss of pericytes resulting in the development of micro-aneurysms, which may be associated with the appearance of retinal hemorrhages and hard exudates ([Figure 1](#ijms-21-03496-f001){ref-type="fig"}). These changes are collectively referred to as NPDR. Basement membrane thickening and leakage results in the first noticeable abnormality of NDPR. As the vascular damage progresses and a wider area of ischemia develops, neovascularization may become evident in the retina and over the optic nerve. Vascular endothelial growth factor (VEGF) is then released to develop a new nutrient supply by constructing capillary tubes. This is the stage where DR becomes PDR. These new blood vessels are fragile and tend to bleed, and cause scarring on the surface of the retina. This is the most advanced and serious form of diabetic retinopathy \[[@B11-ijms-21-03496]\].

At any stage of the disease, DR can be associated with diabetic macular edema (DME), DME is defined as retinal thickening caused by vascular leakage and a build-up of fluid and proteins within two-disc diameters of the macular region. DME is the major cause of severe visual impairment in diabetic patients. Diabetic macular ischemia (DMI) occurs when small blood vessels close completely over time, resulting in poor blood flow. DMI causes the death of nerve cells in the macula responsible for fine vision, which is an irreversible process resulting in a permanent, untreatable central blind spot which decreases central vision \[[@B12-ijms-21-03496]\].

NPDR and DME are considered the most sight-threatening ocular complication. Many studies have demonstrated that prevention and modification of associated systemic risk factors are the critical steps for the treatment of diabetic retinopathy. The control of blood pressure, blood glucose and glycosylated hemoglobin levels, and lipid levels have all been associated with the reduction of the long-term risk of developing sight-threatening ocular complications. Much research has been carried out worldwide and has led to various novel therapeutic targets. The Early Treatment Diabetic Retinopathy Study (ETDRS) established pan-retinal and macular laser as the gold standard treatment for these complications \[[@B11-ijms-21-03496]\].

Laser photocoagulation and vitreoretinal surgery (vitrectomy) are the current surgical therapies that are effective in reducing the loss of vision and are useful for the late-stage disease of retinopathy but carry significant sight-threatening side effects \[[@B13-ijms-21-03496]\]. Although laser photocoagulation and pars plana vitrectomy have been shown to be useful in the treatment of severe visual loss in DR patients, visual loss continues after therapy \[[@B14-ijms-21-03496]\]. Recently, the discovery of vascular endothelial growth factor (VEGF) and its important angiogenic role has sparked new, potential therapeutic approaches. Clinical studies have demonstrated the role of VEGF in the pathogenesis of DME and exudative AMD \[[@B15-ijms-21-03496],[@B16-ijms-21-03496],[@B17-ijms-21-03496]\]. Damage to the retinal microvasculature results in elevated intraocular levels of VEGF, a pathophysiologic mediator in PDR and DME \[[@B18-ijms-21-03496]\]. VEGF is also associated with breakdown of the blood-retina barrier, causing increased vascular permeability which results in vascular edema. High levels of VEGF, in a different study, were found in ocular fluids of patients with PDR and DME \[[@B19-ijms-21-03496]\]. This has led to the application of anti-VEGF drugs to treat PDR and DME in combination with existing therapies. Currently, four VEGF-binding drugs including Pegaptanib, Ranibizumab, Bevacizumab, and Aflibercept ([Table 1](#ijms-21-03496-t001){ref-type="table"}) have received U.S. Food and Drug Administration (FDA) approval for different diseases and are currently in trial for the treatment of diabetic retinopathy.

It is important to mention that there are also other vascular mediators that has been shown to contribute to ocular angiogenesis including members of platelet-derived growth factor family (PDGF), fibroblast growth factor family (FGF), transforming growth factor-β superfamily (TGF-β1), epidermal growth factor family (EGF), hypoxia-inducible factors insulin-like growth factors, cytokines, matrix metalloproteinases and their inhibitors, and glycosylation proteins. Recent studies investigated new drugs such as Fovista (PDGF), X-82 (VEGF & PDGF), Squalamine lactate (bFGF, PDGF& VEGF-A), and RG7716 (ANG-2 and VEGF) to target retinal neovascularization for future anti-angiogenic therapies. Full description of ongoing clinical trials of new drugs against retinal and choroidal angiogenesis are shown in [Table 1](#ijms-21-03496-t001){ref-type="table"} of Cabral et al. \[[@B20-ijms-21-03496]\]. Although regulating these networks of factors has recently shown to be more effective than focusing on any single one like VEGF, novel molecules should be investigated further as targets for future anti-angiogenic therapies.

Despite promising results with anti-VEGF therapy, some important issues should be considered. First, the requirement of multiple intravitreal injections can cause side effects, including cataracts, uveitis and retinal detachment \[[@B21-ijms-21-03496]\]. Furthermore, it has been reported that some patients with DR respond poorly to VEGF inhibition and, in some cases, is associated with a poor visual outcome \[[@B22-ijms-21-03496],[@B23-ijms-21-03496]\]. Second, current therapies are only applicable for proliferative disease and DME and aim to mitigate the results of the pathogenic process without affecting the underlying cause. Third, in a subgroup of patients with pure DMI, where small blood vessels close off completely and the retina slowly degenerates, there is absolutely no indication of using anti-VEGF drugs. VEGF has additionally been shown to influence neuronal growth and differentiation \[[@B24-ijms-21-03496]\], and to reduce the number of apoptotic retinal cells in response to ischemia, which was shown to be reversed after adding a VEGF inhibitor \[[@B25-ijms-21-03496]\]. Therefore, using anti-VEGF therapy to inhibit unwanted angiogenesis might inadvertently inhibit adult neurogenesis and neuroprotection \[[@B26-ijms-21-03496]\]. These current treatment approaches do not address the primary problems during the early stage of the disease. In these instances, regenerative medicine might introduce an alternative way to regenerate areas of vaso-degeneration and may reverse ischemia by regenerating blood vessels.

Vascularisation is one of the most critical challenges to be addressed in tissue engineering so it can be clinically implemented. There are several important criteria that should be considered to achieve sufficient tissue-engineered vasculature. Cells should be located an optimum distance between a patterned vascular network and the surrounding tissue for proper oxygen and nutrient exchange. Vascular lumen must line up with the endothelium for adequate homeostasis and material exchange to enable quick integration with surrounding host tissue and development of a long-lasting vascular network \[[@B27-ijms-21-03496]\].

Within the vasculature hierarchy, the size of blood vessels can be significantly different which varies the design requirements and approaches for bioengineering \[[@B28-ijms-21-03496]\]. Small vessels like arterioles and capillaries have diameters in the sub-millimeter scale (\>6 mm in diameter), and thus present a different set of challenge. Against clinical need for large vessels which is to fabricate a single tube of smaller vessels, in microvessels fabrication a network of nutritive (high endothelium surface-area-to-volume ratio) is needed. To this end, hydrogels or scaffolds are used to provide regenerative cues to induce the formation of a network of nutritive vascular bed and retain the vascular network at the target implant site \[[@B29-ijms-21-03496]\]. Therefore, in this review after briefly explaining the blood vessel regeneration during the embryonic development, since diabetic retinopathy is one of the ischemic conditions arising from microvasculature insufficiencies, we will next explore recent advances in fabricating blood vessels that comprised of microvessels and will discuss the current methods used in tissue engineering and cell therapy approaches to generate microvessels and how they facilitate the integration of implanted vasculature within a host.

2. Development of the Vascular System during Embryogenesis {#sec2-ijms-21-03496}
==========================================================

After fertilization, the zygote divides mitotically and generates a morula (termed blastula in invertebrates). After the first series of cell divisions, the blastula/morula undergoes a spatial reorganization called gastrulation. This process starts with an infolding (primitive streak) of the single-layered blastula, eventually leading to three distinct germ layers known as the ectoderm (outer layer which produces cells of the epidermis and nervous systems), endoderm (inner layer which produces most of the internal organs), and mesoderm (middle layer which gives rise to muscles, the heart, the vasculature, and bone) \[[@B30-ijms-21-03496]\]. The circulatory system is one of the lateral mesodermal derivatives appearing in the third week of embryonic development in humans. The development starts with the formation of blood islets in the yolk sac and hemangioblasts (bipotent cells giving rise to both hematopoietic and angioblastic cells) in the head mesenchyme and posterior-lateral plate mesoderm. The emergence of scattered of precursors of endothelial cells (so-called angioblasts) through the mesoderm results in the formation of clumps, and then cords, which consequently differentiate into endothelial cells and functional vessels \[[@B31-ijms-21-03496]\].

Blood vessels develop by a combination of vasculogenesis and angiogenesis. Vasculogenesis describes the de novo formation of blood vessels and is responsible for the formation of primary vessels during early embryonic development such as the dorsal aorta. It relies on the local differentiation of mesoderm-derived precursors of endothelial cells (PECs) into ECs that coalesce into primitive networks. Angiogenesis is the expansion of a pre-existing vessel network through a combination of sprouting, proliferation, and remodeling processes \[[@B32-ijms-21-03496]\]. In adult life, angiogenesis occurs only during inflammation, wound healing, the female menstrual cycle, and in numerous pathological disorders including retinopathies, rheumatoid arthritis and tumor growth \[[@B33-ijms-21-03496]\]. Angiogenesis includes two phases. In the activation phase, the basement membrane is degraded ([Figure 2](#ijms-21-03496-f002){ref-type="fig"}a) by the angiogenic stimulus and VEGF signaling induces DLL4 expression in tip cells in the front position of sprouting vessels invade the tissue by extending filopodia ([Figure 2](#ijms-21-03496-f002){ref-type="fig"}b). DLL4 activates Notch signaling in Stalk cells ([Figure 2](#ijms-21-03496-f002){ref-type="fig"}e) which results in proliferation and extension of Stalk cells, and the new branches join over tip-cell-tip-cell fusion ([Figure 2](#ijms-21-03496-f002){ref-type="fig"}c). Second, in the resolution phase, ECs stop proliferation and mature by re-formation of basement membrane and obtain a quiescent phenotype, which is called phalanx EC ([Figure 2](#ijms-21-03496-f002){ref-type="fig"}d) \[[@B34-ijms-21-03496]\]. The specification of tip and stalk cell identities is a dynamic process and interplay between VEGF and Notch signalling pathways has shown to be responsible during this process \[[@B35-ijms-21-03496]\]. All these EC phenotypes have their specific gene transcriptional profile. Both, the proliferative stalk cells and the quiescent phalanx cells are covered by smooth muscle cells and pericytes (so-called "mural cells"). Mural and endothelial cell interactions play an important role in vessel maturation and differentiation, indicating great potential utility in vascular tissue engineering \[[@B36-ijms-21-03496]\].

3. Cell Therapy-Based Approach for Ischemic Disease {#sec3-ijms-21-03496}
===================================================

To date, many cell-based approaches have used vascular endothelial cells as a potential source to regenerate blood vessels because of their ability to self-assemble into functional capillary network and integrate into host tissue. However, several concerns emerged. For instance, terminally differentiated ECs, such as microvascular endothelial cells, are limited in expansion potentials and it has been shown that isolation and purification of these populations need further invasive procedures. Additionally, not all ECs have the same functional properties due to the donor variability and tissue site septicity. Several in vitro and in vivo studies exhibited better functional phenotypes, higher vascular density, and more stable blood vessels when ECs co-cultured with other cell types such as pericytes, fibroblasts or MSCs compared to ECs alone \[[@B40-ijms-21-03496],[@B41-ijms-21-03496],[@B42-ijms-21-03496]\]. Therefore, due to various limitations of ECs, shift of attention has been implicated to other cell sources including induced pluripotent stem cells (iPSCs), embryonic stem cells (ESCs), or different types of adult stem cells such as endothelial progenitor cells (EPCs) \[[@B43-ijms-21-03496]\], umbilical vein endothelial cells (HUVECs), or mesenchymal stem cells (MSCs). These cells have been shown to grow fast in in vitro conditions with high repopulating potentials, demonstrate angiogenic properties, and, thus, are great sources for clinical applications.

3.1. Endothelial Progenitor Cells (EPC) {#sec3dot1-ijms-21-03496}
---------------------------------------

Progenitors of endothelial cells are known to be a promising stem cell source for vascular regeneration \[[@B44-ijms-21-03496],[@B45-ijms-21-03496]\]. They are typically derived from adult stem cells including peripheral blood (PB) \[[@B46-ijms-21-03496]\], cord blood (CB) \[[@B47-ijms-21-03496]\], and bone marrow (BM) \[[@B48-ijms-21-03496]\]. However, controversy over the origin, differentiation and cellular identity of these cells remains a potential issue. Using adult stem cells to regenerate blood vessels was first introduced by Asahara in 1997. It was believed that postnatal neovascularization was exclusively based on fully differentiated ECs, derived from pre-existing blood vessels. However, Asahara showed that putative hematopoietic precursors cells (CD34+, Flk-1+/KDR+) from human adult circulating blood cells can differentiate to ECs in vitro and called them "endothelial progenitor cells (EPCs)" \[[@B49-ijms-21-03496]\]. To date, there are several markers used to identify these cells \[[@B50-ijms-21-03496],[@B51-ijms-21-03496]\]. However, there is considerable debate about the true nature of EPCs and the specificity of these markers \[[@B52-ijms-21-03496],[@B53-ijms-21-03496]\]. CD34 is the main marker of these cells. CD34 + mononuclear blood cells after seven days of in vitro culture were observed to lose the expression of leukocyte marker CD45 and differentiated to EC-like phenotype expressing all EC lineage markers CD31, KDR, Tie2, and E-selectin \[[@B54-ijms-21-03496]\]. More interestingly, injection of CD34+ cells into the ischemic hindlimbs of a mouse model showed incorporation of these cells into the site of active angiogenesis and contribution to the tissue vascularization \[[@B55-ijms-21-03496],[@B56-ijms-21-03496],[@B57-ijms-21-03496]\]. With regard to diabetic retinopathy, endothelial progenitor cell (EPC) therapy has represented an exciting alternative strategy to the current end-stage approaches for this disease, with animal studies showing promoted vascular repair in the retina of a mouse model of oxygen-induced retinopathy \[[@B58-ijms-21-03496]\]. These cells were shown to differentiate to microglia \[[@B59-ijms-21-03496]\] and significantly improved vascular regeneration \[[@B60-ijms-21-03496],[@B61-ijms-21-03496]\]. However, preclinical evidence for the ability of EPCs to stimulate vascular regeneration is controversial, and some studies have failed to demonstrate any beneficial outcome from stem cell therapy \[[@B52-ijms-21-03496],[@B62-ijms-21-03496]\]. EPCs from diabetic patients with vascular complications are dysfunctional, posing its own challenges and complicating the use of autologous EPCs \[[@B58-ijms-21-03496]\]. The variation of EPC therapy may be also due to differences in the target tissues studied genetic variability in the animal strains and, perhaps most importantly, due to the heterogeneity of EPCs based on their isolation and culture methods \[[@B63-ijms-21-03496]\].

In vitro studies have suggested that there are at least two different types of EPCs: (1) early and (2) late outgrowth EPCs. Although both of these populations showed the capacity to promote vessel regeneration in different animal models, they illustrated different capabilities to differentiate into ECs and to physically contribute to new blood vessel formation. "Early EPCs", also called non-colony forming EPCs, have myeloid/hematopoietic characteristics and share lineage traits with immune cells, specifically macrophages and monocytes. They are isolated from adult peripheral blood mononuclear cells (PB-MNCs) or human cord blood mononuclear cells (CB-MNCs), which are plated on Fibronectin-coated dishes for 48hrs to deplete the adherent macrophages and mature ECs. Then, non-adherent cells are removed and re-plated on Fibronectin-coated plates and VEGF containing medium. After 4--7 days, so-called "early EPCs" can be obtained ([Figure 3](#ijms-21-03496-f003){ref-type="fig"}). These cells secrete pro-angiogenic factors and are likely related to what is known as circulating angiogenic cells (CACs) \[[@B64-ijms-21-03496]\]. They have myeloid characteristics, typically not forming colonies under conventional endothelial differentiation conditions \[[@B65-ijms-21-03496]\]. They are suggested to have paracrine effects in angiogenesis by secreting factors, rather than in integrating into the endothelium. In contrast, when collagen-coated plates are used, after 2--4 weeks of culturing, late outgrowth EPCs (OECs) emerge ([Figure 3](#ijms-21-03496-f003){ref-type="fig"}). These cells have been shown to exhibit all of the typical markers and functional characteristics of mature endothelial cells \[[@B66-ijms-21-03496],[@B67-ijms-21-03496]\]. Other groups refer to these cells as endothelial colony-forming cells (ECFCs) \[[@B68-ijms-21-03496]\]. They have a cobblestone appearance, high proliferation capacity, can differentiate to EC, and they have been observed to physically contribute to new vessel formation in vitro and in vivo. Considering the diverse characteristics of EPCs, and to achieve the ideal "cell therapy," approach, the optimal EPC must be determined, any functional dysfunction must be corrected prior to use, and the diabetic milieu will require modification to accept the EPCs.

With regards to in vitro studies, EPCs have shown to generate lumenized capillary-like structures on Matrigel and a partially functional capillary network inside a modified poly (ethylene glycol) (PEG) hydrogel in the presence of mural cells \[[@B69-ijms-21-03496]\]. The importance of co-culture system in final elevated vascularisation was confirmed in different studies. Blood-derived EPCs co-cultured with MSCs (ratio of 1:1) and suspended in Matrigel illustrated numerous luminized networks when injected into the nude mice \[[@B70-ijms-21-03496]\]. EPCs have also been successfully used to cellularize biodegradable vascular grafts for endothelialization and in vitro maturation \[[@B71-ijms-21-03496]\]. Taken together, these pioneering studies validate the utility of EPCs as a promising cell source to pre-vascularize tissue-engineered grafts. It is important to emphasize that having an ideal cell source is not sufficient for therapeutic efficacy of delivered cells. Therefore, recent tissue engineering efforts have appropriately focused on recreating the architecture and function of the vasculature in vitro prior to implantation, with the hypothesis that pre-vascularized grafts and tissues enhance integration with the host.

3.2. Pluripotent Stem Cells in Vascular Regeneration {#sec3dot2-ijms-21-03496}
----------------------------------------------------

Stem cells may be sourced from blastocysts before implantation from day 5--7 of the embryo (embryonic stem cells, or after six weeks from foetus, which are considered less pluripotent stem cells (foetal stem cells). Other types of stem cells can be derived from blood or other tissues postnatally (adult stem cells), as seen in ([Figure 4](#ijms-21-03496-f004){ref-type="fig"}). \[[@B72-ijms-21-03496]\] Each of these stem cells play a unique role in stem cell research and therapeutic applications \[[@B73-ijms-21-03496]\]. More recently, stem cells can also be generated from somatic cells by re-programming strategies and are called induced pluripotent stem cells (iPSCs) \[[@B74-ijms-21-03496]\].

3.3. Embryonic Stem Cells in Vascular Regeneration {#sec3dot3-ijms-21-03496}
--------------------------------------------------

Researchers have successfully derived ECs and SMCs from human embryonic stem cells (hESC) lines. Several different approaches have been used to differentiate SMCs from hESCs. Endothelial progenitor cells such as CD34+ cells have been isolated either from spontaneous differentiation of embryoid bodies (EBs) or from co-cultures and then induction with factors such as TGF-β1, PDGF-BB, and retinoic acid \[[@B75-ijms-21-03496],[@B76-ijms-21-03496]\]. Other groups have investigated 2D and 3D culture systems to derive hES-derived ECs. These studies illustrate that these cells form vessel-like structures on Matrigel, and that they integrate into the host tissue and form blood vessels that were functional for 150 days when were transplanted into SCID mice \[[@B5-ijms-21-03496]\]. More details about 2D and 3D assays discussed in further paragraphs.

3.4. Induced Pluripotent Stem Cells in Vascular Regeneration {#sec3dot4-ijms-21-03496}
------------------------------------------------------------

iPSC cells are a type of PSCs that can be prepared by re-programming adult somatic cells into stem cells, initially illustrated by Yamanaka in 2006 \[[@B77-ijms-21-03496]\]. iPSC technology allows us to derive patient-specific cells, which avoids some of the ethical concerns surrounding ESCs, allograft rejection, immunogenicity, and also allows us to scale up production of the desired cell lineage and generate new prospects for regenerative medicine \[[@B78-ijms-21-03496],[@B79-ijms-21-03496]\]. Several concerns, including ethical issues, immunological barriers, high regenerative potentials and unintentional proliferation of ESCs, can be overcome by using iPSCs \[[@B80-ijms-21-03496],[@B81-ijms-21-03496]\]. iPSCs are easily accessible from different sources such as skin, hair or blood, and there are no ethical concerns surrounding these cells \[[@B82-ijms-21-03496],[@B83-ijms-21-03496]\]. Studies on iPSC cells have shown their potential to differentiate into all cardiovascular compartments, such as pericytes, smooth muscle cells, Ecs, and cardiomyocytes \[[@B84-ijms-21-03496],[@B85-ijms-21-03496]\].

It has been shown that iPSC-derived Ecs are able to incorporate into damaged vasculature of ischemic tissue and improve function \[[@B86-ijms-21-03496],[@B87-ijms-21-03496]\]. However, several concerns remain regarding the use of iPSCs in vascular regeneration. Markers and reproducible protocols are required to differentiate iPSC into the vascular lineage. As with ESCs, it is crucial to efficiently exclude pluripotent cells to avoid teratoma formation \[[@B81-ijms-21-03496]\]. However, the main concern about using iPSCs is the clinical development of these cells. Genetic manipulation of iPSCs using retrovirus or lentivirus results in the integration of viral DNA into the chromosome, increasing the risk of silencing indispensable genes or inducing ontogenesis \[[@B88-ijms-21-03496]\]. Although using adenoviruses or plasmids has reduced these risks in part, even episomal vectors carry risks of DNA integration \[[@B89-ijms-21-03496]\]. Another concern in using iPSCs is retaining the presence of genetic and acquired abnormalities from the patients' cells and transferring them into their iPSC cells, which reduces their regenerative capacity and contributes to vascular inflammation. Even when considering all advantages and disadvantages of embryonic versus adult stem cells, there still exist several controversies about their feasibility for use in blood vessel regeneration. Recent gene transcriptional profiling has shown that iPS-derived progenitors of endothelial cells (PECs) are fundamentally different from adult derived endothelial progenitor cells (EPCs), a difference which must be considered when these cells are used in clinical applications \[[@B90-ijms-21-03496]\]. Due to the fact that iPS-derived PECs are "true progenitors" and due to the diversity of the sources of adult stem cells (bone marrow, peripheral blood and cord blood), it is anticipated that using iPS/embryonic stem cells may generate more defined endothelial cells with enhanced morphology and phenotype for tissue engineering applications \[[@B91-ijms-21-03496]\].

3.5. Human Mesenchymal Stem Cell (MSCs) in Vascular Regeneration {#sec3dot5-ijms-21-03496}
----------------------------------------------------------------

Human adult MSCs, identified in different tissues such as bone marrow and adipose tissues, are a type of adult multipotent stem cell with a more restricted differentiation potential and limited self-renewal ability \[[@B92-ijms-21-03496]\]. Studies have illustrated the potential of these cells to differentiate into ECs after seven days of exposure to VEGF and bFGF, and expressing different EC markers such as Flk-1, vWF, and VE-cadherin. Moreover, human adipose-derived MSCs plated in endothelial growth medium-2 (EGM-2) containing VEGF form vessel-like structures on Matrigel and expressed ECs markers CD31, vWF, and eNOS. The potential of EC-derived MSCs has been further investigated in in vivo studies, and have been shown to improve muscular angiogenesis and restoration of blood perfusion in a mouse hindlimb ischemia model \[[@B93-ijms-21-03496],[@B94-ijms-21-03496]\]. MSCs have been used as supportive cells to maintain the functionality of engineered vasculature through various mechanisms, and are illustrated to mediate angiogenesis by secreting of pro-angiogenic factors including HGF, IGF, bFGF, and VEGF which improve EPC differentiation into ECs \[[@B70-ijms-21-03496]\]. MSCs can also differentiate into vascular smooth muscle cells through TGF-beta induction, and can express smooth muscle actin (SMA) and H1-calponin \[[@B95-ijms-21-03496]\]. It has shown that EPC implants are capable to form human micro-vessels in mouse models only in the presence of MSCs \[[@B70-ijms-21-03496]\]. However, the concerns about MSC implementation in clinical application is their heterogenic nature and their high individual variability. Overcoming these obstacles is critical in the field of MSC-derived vascular tissue engineering so that vascularisation outcome can be optimised \[[@B96-ijms-21-03496]\].

4. Vascular Tissue Engineering Technology {#sec4-ijms-21-03496}
=========================================

There are several 2D and 3D assays to develop tube-like structures. In 2D wound-healing assay, cells are cultured in a monolayer and, when cells are confluent, a "wound" is created and images captured from the beginning and at specific intervals during cell migration until the wound is closed. This method was one of the very early methods to study the directional cell migration in vitro \[[@B97-ijms-21-03496]\]. More recently, the 3D aortic ring assay has been developed that is based on organ culture. In this assay, rat thoracic aorta is excised, the fat layer and adventitia removed, and small ring-like segments approximately 1mm in size are cut and embedded into a three-dimensional matrix composed of fibrin or collagen. They are maintained in a chemically defined medium, where angiogenic factors and inhibitors of angiogenesis can be directly added to the rings. In this way, new blood vessel growth and paracrine angiogenic effects can be investigated. Therefore, the aortic ring assay is a more physiologically relevant assay to study sprouting angiogenesis responses \[[@B98-ijms-21-03496],[@B99-ijms-21-03496]\]. The in-vitro collagen lumen assay is another 3D assay used to differentiate endothelial cells in 3D microenvironment. In this method, ECs are plated in two layers of collagen. Soon after it is formed, cells undergo morphogenesis to form a structure similar to the capillary network and appropriately polarized luminal structures \[[@B100-ijms-21-03496],[@B101-ijms-21-03496]\] A third type of 3D angiogenesis assay, called a "fibrin gel bead assay", endothelial cells are coated onto cytodex microcarriers and embedded into a fibrin gel. To provide suitable factors, fibroblasts are cultured on top of the gel where they secrete factors and promote endothelial cell sprouting from the surface of the beads. After several days, many vessels are presented and can be observed under phase-contrast microscopy \[[@B102-ijms-21-03496]\]. Additionally, the retina explant assay is one of the more powerful assays for the retina. The assay involves plating a small piece of retina on an organotypic filter. In this assay, retina explants can be prepared anytime between embryonic day 13 and postnatal day 4, from which point the explants will develop very similarly to a retina in vivo and generate all of the different retinal cell types that will migrate to the appropriate layer. This assay has been shown to be very useful in the study gene function at different embryonic stages \[[@B103-ijms-21-03496],[@B104-ijms-21-03496]\]. All of these studies and assays illustrate that endothelial cells form vessel-like structures on Matrigel, and that they can integrate into the host tissue, forming blood vessels that were functional for 150 days when transplanted into severe combined immunodeficient mice (SCID) mice \[[@B5-ijms-21-03496]\]. Ideally, tissue-engineered vasculature that is designed for therapy must be transplantable or must stimulate vasculature formation at the transplant site. Further, engineered vessels for implantation must withstand physiological pressures without leakage or aneurysm formation, should not be thrombogenic, and should not elicit an immunological response from the patient. For clinical applications, the time that a patient must wait for a vascular therapy should be consistent with the clinical indication for use. Blood vessels range in size and include microvessels (\<1 mm), small vessels (1--6 mm), and large vessels (\>6 mm in diameter). Blood vessels for inducing the angiogenesis in diabetic retinopathy is categorized in microvessels, hence the focus on tissue engineering approaches in micro-scale. These approaches include stimulation of angiogenesis in vivo, by implantation of endothelial cells, or by re-endothelialization of decellularized organs. In addition, micro- fabrication technologies have recently developed as a promising approach for the future of in vivo vascular tissue engineering \[[@B105-ijms-21-03496]\].

4.1. In Vivo Microvascular Network Formation Using Pro-Angiogenic Stimuli {#sec4dot1-ijms-21-03496}
-------------------------------------------------------------------------

Several studies have shown that angiogenic stimulation can occur in vivo by using a variety of cytokines and gene-based and cell-based approaches. Pre-clinical studies, for instance, have shown successful angiogenic response in a rabbit hind limb ischemia model to form collateral vessel formation by intra-arterial injection of VEGF \[[@B106-ijms-21-03496],[@B107-ijms-21-03496],[@B108-ijms-21-03496],[@B109-ijms-21-03496]\]. However, it should be mentioned that the same studies in human patients have not been as promising, potentially as a result of low progenitor cells with low circulatory efficiency and impaired inflow in elderly human patients. Therefore, it has been suggested that angiogenic stimulation therapy should begin much earlier to augment therapeutic efficacy. Furthermore, angiogenesis is a complex and high regulated process that may require a multidisciplinary approach incorporating chemistry, material science, and biology in addition to cytokine-based angiogenic stimulation \[[@B105-ijms-21-03496]\].

4.2. Implantable Engineered Micro-Vascularised Tissue {#sec4dot2-ijms-21-03496}
-----------------------------------------------------

Endothelial cells can incorporate themselves into the implanted scaffold and form vascular self-assembly structures in vivo. As previously discussed, using co-culture system can decrease apoptosis and increase implanted cell survival \[[@B110-ijms-21-03496]\]. In vivo studies illustrate that the process of self-assembled of ECs occurs when HUVECs co-cultured with mouse mesenchymal precursors in collagen/fibronectin gel were transplanted in SCID mice. HUVECs self-assembled into micro-vessels, integrated into the host vasculature, could become perfused, and were stable and functional for one year \[[@B92-ijms-21-03496]\]. Different cell sources that can be used for this purpose including iPSC-derived ECs in co-culture with MSCs, and smooth muscle cells or pericytes. It is important to note that perfusion of generated blood vessel is essential for long-term survival and tissue function. One strategy to generate perfusable blood vessels is to culture the constructs with specific cell types a few days prior to implantation, allowing for the pre-assembly of microvascular-like network. This method was successfully used in forming vascularized skeletal muscle fiber constructs in SCID mice using endothelial cells, mouse myoblasts, and mouse embryonic fibroblasts in biodegradable polylactic-acid and polylactic-glycolic scaffold (1:1) which demonstrated sufficient differentiation and elongation of cells after 2 weeks with improved vascularisation and survival \[[@B111-ijms-21-03496]\]. Properly engineered microvasculature would greatly benefit the field of stem cell-derived organoids with the size \> 6mm which requires a properly performed perfusion system to prevent the necrosis organoid development \[[@B112-ijms-21-03496]\]. Co-culturing of human iPSC-derived hepatic cells with mesenchymal stem cells and HUVECs resulted in liver buds and could be perfused by host vasculature. Enhanced vascular density was observed when transplanted into the SCID mice \[[@B113-ijms-21-03496]\]. Although, current engineered micro-vasculatures demonstrate perfusion by utilizing collections of cells in vivo, they are not yet efficient enough to reproduce the full function of the whole organ such as liver. Further study is required to expand the mass of cells that can be supported by engineered microvasculature. One key limitation in almost all gel-based endothelial microvascular self-assembly is that there is limited precision over the 3D orientations of the vessels formed. To address this, native organ scaffold and novel microfabrication technologies have been introduced which will be further discussed.

4.3. Endothelialization of Decellularized Organs {#sec4dot3-ijms-21-03496}
------------------------------------------------

The decellularization method is one of the most promising techniques for tissue regeneration in which the extracellular matrix (ECM) is isolated from native cells to produce a natural scaffold. Decellularized ECM maintains its mechanical, structural, and biochemical cues which can then be recellularized to produce a functional tissue mimicking the natural organization of specific tissue. Among different decellularization methods, the method that does not cause disruption of vascular integrity is the most suitable for cellular repopulation. Furthermore, proper endothelial repopulation of acellular scaffold is crucial to prevent microvascular coagulation stimulated by the collagenous matrix. This approach is one of the promising methods currently to generate robust perfusable microvasculature, though new microfabrication approaches are quickly developing \[[@B114-ijms-21-03496],[@B115-ijms-21-03496]\].

4.4. Micropatterning Approaches to Microvessel Creation {#sec4dot4-ijms-21-03496}
-------------------------------------------------------

Recently, the use of microfabrication techniques to produce controlled and reproducible patterns of vasculature have been widely investigated. Although these techniques are not ready for clinical applications, they are crucial developments to shape future directions. Durable engineered vasculature has important features including high mechanical properties to prevent rupture and accommodate flow with highly pulsatile pressure, low thrombogenicity, and high regenerative integration with the host tissue \[[@B105-ijms-21-03496],[@B116-ijms-21-03496]\].

Recent advances in microfluidics and 3D bioprinting have been used to generate vascular constructs in tissue engineering applications. Microfluidic applications are divided into three different categories including sacrificial molding, micropatterning using soft lithography, and in vitro self-assembled endothelial cells \[[@B117-ijms-21-03496]\]. All of these techniques are not clinically applicable in their present state. Sacrificial 3D printing to generate a vascular fabrication platform is another method in which a 3D architecture is first printed with carbohydrate glass materials, hardens, and then is uniformly embedded in a soluble ECM which crosslinks around the print. The chamber is then flushed out with water to form a hollow. ECs can then be seeded on the channel wall, forming the vascular bed \[[@B118-ijms-21-03496]\]. With more recent advances, Kolesky and his colleagues \[[@B119-ijms-21-03496]\] have been successful in generating an interconnected vascular network with perfusion capability showing that continuous perfusion of growth factors through the channel covered with HUVECs could successfully differentiate stem cells into osteogenic lineage. The important advantage of this technique is that the size and scale of the 3D construct can be sufficiently controlled. Another approach to pattern vascular structure is to use lithography where the 3D structure is fabricated additively. First, photolithography is used to fabricate each layer separately, and then all layers are chemically bonded using UV crosslinking or mechanically bonded \[[@B120-ijms-21-03496],[@B121-ijms-21-03496],[@B122-ijms-21-03496]\]. This technique can produce microfluidic channels using a biodegradable polymer that branch out from an inlet channel and merge into an outlet channel like the vasculature system in vivo. Photo-crosslinking was used to fabricate these structures layer-by-layer, which were then fixed together to create hollow channels where EC can flow and eventually attach \[[@B28-ijms-21-03496]\].

A final approach is to utilise endothelial cell ability to self-assemble into microvascular networks by applying interstitial flow to extracellular matrix-containing combinations of endothelial cells and mural cells within microfluidic chambers. These small-scale constructs (\<1 mm^3^) are great platforms for disease modeling and drug testing. However, it is unknown if these constructs can further enhance stabilization and function of microvessels after in vivo transplantation.

4.5. Laser-Degradation {#sec4dot5-ijms-21-03496}
----------------------

Laser-based degradation of hydrogels, biomaterials, and other soft interfaces have recently garnered attention as a technique for obtaining high-resolution control over user-defined architectures within 3D tissue constructs and acellular platforms. Another method to generate a vascular network is to selectively degrade regions within a bulk crosslinked ECM. In this technique, a biomaterial is first crosslinked into a hydrogel, and then a laser is used to degrade the synthetic material locally. This technique was first used to fabricate channels with a diameter as small as 3 μm, though it was difficult to flow HUVECs through these channels without clogging \[[@B123-ijms-21-03496]\]. Despite the very recent application of laser-based degradation within hydrogels, the continued improvement in laser and optical systems in combination with other larger-scale fabrication techniques and wide adoption for biofabrication will ultimately provide significant advancements in the field of cell and tissue engineering and regenerative medicine \[[@B124-ijms-21-03496]\].

5. Conclusions {#sec5-ijms-21-03496}
==============

The proper formation of blood vessels is critical for the generation and continued function of tissues and organs during embryonic development and throughout life. Vascularization is the key challenge that hinders the clinical application of tissue-engineered products and, thus, the greatest obstacle to successful transplantation. To date, various strategies have been developed to generate vascular constructs at clinically relevant scales. However, the generation of vascular networks that can mimic the complexity, ultrastructure, geometry, and biochemical cues remains a challenge. Moreover, timely-mannered integration of engineered constructs after implantation is critical for optimum functionality of the implanted construct. To promote this, novel approaches have cultivated prevascularized constructs that can rapidly inoculate the implanted vascular construct to the host tissue, enhancing the survival of implanted constructs.

Further, advanced imaging techniques enable the viewing and monitoring of the detailed structures in the integrated constructs over time. This derives from the current capacity of some optical imaging methods in clinical or preclinical research for micro-structural imaging or functional imaging \[[@B125-ijms-21-03496],[@B126-ijms-21-03496],[@B127-ijms-21-03496],[@B128-ijms-21-03496],[@B129-ijms-21-03496],[@B130-ijms-21-03496],[@B131-ijms-21-03496],[@B132-ijms-21-03496],[@B133-ijms-21-03496]\] as well as in imaging nano-particles \[[@B9-ijms-21-03496],[@B134-ijms-21-03496]\].

However, some of the drawbacks of these novel approaches are also important to be taken into consideration including tumourigenity, cell migration, graft rejection, immunogenity, and complexity of the host immune response \[[@B135-ijms-21-03496]\]. The immunotolerant potential of implanted structures must be widely investigated. For example, fast leukocyte involvement into decellularized scaffold may prevent proper recellularization of autologous implants. The ability to modulate immune acceptance of cell-based implants remains a crucial barrier for the field. Another barrier that may inhibit successful implantation is the choice of biomaterials used as scaffold \[[@B136-ijms-21-03496]\]. Effective specifications for the biomaterials have not been well-articulated. Conventional scaffold, especially when based on synthetic biodegradable polymers, is mechanistically inappropriate and the requirements for biodegradability and prior FDA approval should be fully addressed for use in medical devices \[[@B137-ijms-21-03496]\]. At this time, none of the discussed approaches have the potential to be clinically applied. Thus, further improvement is needed to create perusable blood vessels which consist of multi-material and multicellular depositions, and that can closely mimic the physiological and mechanical properties of angiogenic systems in vivo.
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![Illustrative pictures of non-proliferative diabetic retinopathy (DR) (NPDR) (left) and proliferative DR (PDR) (right). In early-stage NPDR, damaged blood vessels begin to leak extra fluid and blood into the eye. In PDR, many retinal blood vessels are closed, disrupting blood flow. In response to hypoxia, new blood vessels are generated (neovascularization), which are abnormal and ineffective. Illustration with permission from <https://maxivisioneyehospital.wordpress.com>.](ijms-21-03496-g001){#ijms-21-03496-f001}

![Angiogenesis regulation. Angiogenesis includes two phases. (**a**) In the activation phase, the basement membrane is degraded by angiogenic stimulus (VEGF, bFGF, and TGF-ß) (**b**) and tip cells invade the tissue by extending filopodia. Stalk cells proliferate and extend, and new branches join in tip-cell-tip-cell fusion. (**c**) Lastly, in the resolution phase, endothelial cells (ECs) stop proliferating and mature by re-formation of basement membrane (**d**) and obtain a quiescent phenotype which is called phalanx EC. Illustration with permission from \[[@B37-ijms-21-03496]\]. (**e**) VEGF signalling induces Dll4 expression in tip cells and consecutively, Dll4 activates Notch signalling in stalk cells. This results in reducing stalk-cell sensitivity to VEGF stimulation, which in turn suppresses the tip cell phenotype. Illustration with permission from \[[@B38-ijms-21-03496],[@B39-ijms-21-03496]\].](ijms-21-03496-g002){#ijms-21-03496-f002}

![In vitro culture of endothelial progenitor cells (EPCs); early vs late outgrowth. EPCs are grown from whole peripheral blood mononuclear cells. Early EPCs are obtained from short term culturing (4--7 days) on fibronectin. A small population of EPCs when plated for \>14 days is called late-outgrowth EPC (or ECFC) and demonstrate an increased capacity for proliferation and blood vessel formation. Illustration with permission from \[[@B64-ijms-21-03496]\].](ijms-21-03496-g003){#ijms-21-03496-f003}

![Various sources of stem cells. ES cells are isolated from the inner cell mass (ICM) of the blastocyst and are considered pluripotent. Primordial germ cells are derived from embryonic germ cells and are pluripotent. Fetal stem cells are derived from the developing foetus and are pluripotent or multipotent. All stem cells derived after birth are adult stem cells (ADS). These cells have limited potential and are usually multipotent. Cord blood derived stem cells occupy a niche between ES cell and ADS. These have been categorized to be pluripotent and display some ES cell-like properties. Illustration from [www.stemcellresearch.org/testimony/images/20040929prentice.htm](www.stemcellresearch.org/testimony/images/20040929prentice.htm).](ijms-21-03496-g004){#ijms-21-03496-f004}
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Summary of four different anti-vascular endothelial growth factor (VEGF) drugs used in the treatment of diabetic retinopathy.

  Name              Trade-Name                               Description                                                                                                                                                                         Clinical Trials
  ----------------- ---------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------
  **Pegaptanib**    Macugen---Eyetech New York               High affinity to the heparin binding site of VEGF-A isoforms.                                                                                                                       FDA-approved for AMD but because of disappointment visual results, only used sparingly.
  **Ranibizumab**   Lucentis---Genentech, S. Sam Francisco   Recombinant humanised anti-body fragment (Fab) that binds all isoforms of VEGF.                                                                                                     FDA-approved for AMD, macular edema & DME.
  **Bevacizumab**   Avastin---Genentech                      Recombinant full-length humanised monoclonal anti-body that also binds all VEGF isoforms.                                                                                           FDA-approved for rectal carcinoma, ovarian carcinoma, glioblastoma but is off set for use in ocular diseases (AMD, DME & vein occlusion).
  **Aflibercept**   Elyea---Regeneron, Tarrytown, NY         Recombinant fusion protein with native VEGFR ligand-binding sequences attached to the Fc segment of human IgG1. Binds all isoforms of VEGF-A, VEGF-B and placental growth factor.   FDA-approved for AMD & macular edema and the systemic formulation Zaltrap for colorectal carcinoma.
